Background During the first postnatal weeks, infants have abrupt changes in fluid weight that alter serum creatinine (SCr) concentration, and possibly, the evaluation for acute kidney injury (AKI). Methods We performed a prospective study on 122 premature infants to determine how fluid adjustment (FA) to SCr alters the incidence of AKI, demographics, outcomes, and performance of candidate urine biomarkers. FA-SCr values were estimated using changes in total body water (TBW) from birth; FA-SCR=SCr × [TBW + (current wt. -BW)]/ TBW; where TBW=0.8 × wt in kg). SCr-AKI and FA-SCr AKI were defined if values increased by≥0.3 mg/dl from previous lowest value. Results AKI incidence was lower using the FA-SCr vs. SCr definition [(23/122 (18.8 %) vs. (34/122 (27.9 %); p<0.05)], with concordance in 105/122 (86 %) and discordance in 17/ 122 (14 %). Discordant subjects tended to have similar demographics and outcomes to those who were negative by both definitions. Candidate urine AKI biomarkers performed better under the FA-SCr than SCr definition, especially on day 4 and days 12-14.
Introduction
Although tremendous strides have been made to improve outcomes in extremely premature infants, mortality and longterm morbidity continue to be high [1] . Events that cause renal damage appear to have important implications on short-and long-term outcomes [2, 3] . Using empiric definitions that use an acute rise in serum creatinine (SCr) to define acute kidney injury (AKI), we [4] [5] [6] and others [7] [8] [9] [10] [11] [12] [13] [14] have begun to describe the epidemiology of neonatal AKI. Consistently, this data suggest that neonates hospitalized in intensive care units commonly have AKI, and those with AKI have worse outcomes.
The most widely accepted AKI definition was published in 2012 by Kidney Disease: Improving Global Outcomes (KDIGO) [15] . This definition evolved from the Acute Kidney Injury Network (AKIN) [16] definition proposed in 2007, which evolved from the Risk, Injury, Failure, Loss and Endstage (RIFLE) [17] definition published in 2005. The RIFLE definition was an attempt to standardize the definition, knowing that this first iteration was almost arbitrary. Importantly, the changes made to AKIN and then KDIGO evolved based on critically evaluated evidence by leaders in the field of AKI. Objective evaluations of neonatal AKI definitions based on large observational multicenter studies in premature infants have not been performed; however, many researchers have adapted a neonatal AKI definition adapted from KDIGO [18] . At this time, its use is empiric with the understanding that refinement may be necessary as evidence grows.
One potentially important factor that may influence how AKI is defined in neonates is the physiologic diuresis that happens over the first days of life. This diuresis, as documented by a steady drop in an infant's body weight, in and of itself will increase the concentration of SCr. Alternatively, if acute fluid accumulation occurs, the SCr will be diluted, making it more difficult to document a rise in SCr. In premature infants, fluid provision is dictated by the clinician, and it is not uncommon to allow premature neonates to lose up to 15 % of their weight in the first 4 days of life, as some have suggested that this degree of fluid loss can improve clinical outcomes [19, 20] . These changes in fluid status can have an important effect on SCr concentrations, and thus the neonatal AKI definition. Studies in pediatric [21] and adult [22, 23] cohorts show that adjusting the SCr for acute changes in fluid status can improve the ability of SCr-based AKI definitions to improve outcomes. To our knowledge, neither the effect of changes in fluid status on SCr concentration nor the impact that such changes have on the definition of AKI have been explored in detail in premature infants during the first weeks of life.
To improve our understanding on how acute changes in fluid status affect SCr and the definition of AKI, we performed a prospective cohort study on 122 very low birth weight infants. The following three aims were addressed: (a) determine how fluid adjustment of SCr (FA-SCR) affects incidence of AKI, (b) describe the demographics and outcome differences between those with and without AKI (according to SCr and FA-SCr AKI classification), and (c) determine whether candidate urine biomarkers perform better under the FA-SCr AKI definition vs. the traditional SCr-based definitions.
Materials and methods

Study population
The study was approved by the UAB Institutional Review Board, informed parental consent was obtained, and VLBW infants eligible for the study were enrolled. The clinical and research activities being reported are consistent with the principles of the Declaration of Helsinki.
Very low birth weight (VLBW) infants with birth weight (BW) ≤1200 g and/or ≤31 weeks gestational age admitted to the regional NICU at the University of Alabama at Birmingham (UAB) between February 2012 and June 2013, were enrolled in this prospective cohort study. Newborns were excluded if they had known congenital kidney disease, or if they did not survive beyond the first 48 h of life. We followed enrolled infants from the time of birth until 36 weeks postmenstrual age (PMA) or hospital discharge, whichever occurred first, as it is commonly done to explore hospital outcomes in VLBW infants. There were 284 VLBW eligible infants of which 122 (43 %) were enrolled in the study. The reasons for non-enrolment included that parents did not wish to participate (n=76), they were not available (n=78), or they were transferred to another hospital (n=8). Overall, there was no difference between those who agreed to be in the study and those who did not in regards to BW, GA, and 5-min Apgar scores. Over a 2-week period, nine patients did not have urine collected appropriately, thus, only 113 infants had urine collected for biomarker analysis (Fig. 1 ).
Exposure and outcome definitions
Acute kidney injury
In order to ascertain whether a child developed AKI within the first 2 weeks of life, we measured SCr at postnatal days 1, 2, 3, 4, and 12-14 on most infants, in addition to any clinically measured values. The mean number of SCr values obtained for each patient during the first 2 weeks of life was 5 (range, 2-14). Neonatal AKI was defined according to a contemporary definition modified for neonates, similar to the KDIGO AKI definition by which, as previously described, a SCr rise ≥0.3 mg/dl defines AKI [18] . The main modification from KDIGO definition concerns how the baseline SCr is obtained. Fig. 1 Enrollment and reasons for non-participation in those who met inclusion and exclusion criteria for the study. Birth weight, Apgar scores, and gestational age were not different between consented and nonconsented groups Each SCr from a specific time point is compared to the lowest previous SCr value until that time point. This is necessary because SCr at birth reflects maternal SCr, which decreases steadily over the first weeks of life. We did not include urine output criteria as it is often difficult to measure urine output in babies, and many premature infants with AKI are non-oliguric because of poor tubular function.
We used changes in weight from birth weight to represent fluid status changes. Fluid adjustment SCr values were estimated using changes in total body water (TBW) using the following equation: SCr × [TBW + (current wt. -BW)]/ TBW, as previously described by Liu et al. [22] and Basu et al. [21, 24] . Because % TBW is about 80 % of weight in premature infants [24, 25] , we used 0.8 × weight (kg) to define TBW (Liu et al. and Basu et. al used 0.6 for their adult and pediatric cohorts). FA-SCr AKI was defined as a rise in FASCr by ≥0.3 mg/dl from previous lowest value.
Bronchopulmonary dysplasia (BPD)/mortality
Bronchopulmonary dysplasia was defined-as per the National Institute of Health (US) criteria for BPD-if an infant was oxygen dependent at 36 weeks post-menstrual age (PMA) [26] . We report survival if the infant survived until 36 weeks PMA or hospital discharge, whichever occurred first, as commonly done to explore hospital outcomes in VLBW infants. We combined BPD/death as a composite because they represent competing outcomes and are the most common method of analysis for chronic lung disease in neonates [27] [28] [29] . Intraventricular hemorrhage (IVH) was assessed by routine clinical head ultrasounds.
Biomarker analysis
Urine was collected daily during the first 4 days of life using CuddleBuns™ (Small Beginnings, Hersperia, CA, USA) diapers placed at the perineum. Most infants [60/113 (53 %)] had samples for all 4 days; 32 % (n=35) for 3 days, 12 % (n=13) for 2 days, and 4 % (n=5) for only 1 day. The moist part of the diaper was cut out and placed in a syringe. Urine was squeezed into a centrifuge tube using the syringe plunger, and centrifuged for 10 min to separate urine. The supernatant was aliquoted and frozen at −70°C until evaluation. Urine biomarker analysis was performed by electrochemiluminescence on multi-array plates using the Sector Imager 2400 (Meso Scale Discovery (MSD); Gaithersburg, MD). Albumin, Beta-2-Microglobulin (B2M), Cystatin C, epithelial growth factor (EGF), neutrophil gelatinase-associated lipocalin (NGAL), osteopontin (OPN), and uromodulin (UMOD) were measured in urine using MSD Human Kidney Injury Panel 5 Kit assay, while Alpha Glutathione S-Transferase (αGST), Calbindin, Clusterin, KIM-1, Osteoactivin, Trefoil factor 3 (TFF3), and vascular endothelial growth factor (VEGF) were measured using MSD Human Kidney Injury Panel 3 Kit Assay. Samples in panel 3 were diluted tenfold before being added to the plate. Samples in panel 5 were diluted 500-fold before being added to the plate. Samples were added to plates and prepared as stated in the manufacturer's protocol and analyzed on the Sector Imager. All markers detected in the samples were within range of the standard curve. Inter-run %CV (coefficient of variance) and intra-run %CV, as well as variability of samples and standards between and in runs, was below 10 % in all cases, and below 5 % in most sample/standard comparisons.
Statistical methods
Descriptive statistics were performed to determine demographic differences between those infants whose family consented to the study and those who did not (Fig. 1) . Subjects enrolled in the study were categorized by AKI status for SCr (− vs. +) and FA-SCr (− vs. +) definitions, and significant differences were assessed using Fisher's exact test (Table 1) . Demographic and outcome differences by AKI were compared for four groups categorized by AKI status for SCr (− vs. +) and FA-SCr (− vs. +) definitions (Tables 5 and 6 , respectively). Normally distributed continuous variables were compared using Student's t test, and non-normally distributed variables were analyzed using Kruskal-Wallis test. CochranMantel-Haenszel Chi-square statistic was used to analyze stratified categorical data. Univariate crude analysis was performed to assess association between those who had AKI by both definitions vs. those who were negative by both definitions. Logistic linear regression was performed to determine the association of clinical outcomes by groups (with those who were negative by both definitions acting as reference) and controlling for 5-min Apgar scores, maternal pre-eclampsia, and gestational age. These variables were chosen as we have shown that there are substantive differences between those with and without AKI in this population [5] .
Logistic regression was used to construct the receiver operating characteristic (ROC) and calculate the area under the curve (AUC) for each biomarker on days 1, 2, 3, 4, and 12-14, as well as its predictive characteristic for the two AKI definitions. We controlled for gestational age because we and others 
Results
Following the SCr AKI definition, 34 out of 122 (28 %) premature infants had AKI; while using the FA-SCr definition, 23 out of 122 (19 %) infants had AKI. There was agreement in 105/122 (86 %) subjects (i.e., 85 were negative using both definitions, and 20 were positive with both). On the other hand, there was discordance for the two definitions in 17/ 122 (14 %) [i.e., 14 were SCr (+) but FA-SCr (−), while three were SCr (−) but FA-SCr (+); two-sided p<0.001] ( Table 2) . We also show this distribution stratified by gestational age categories (Tables 2, 3 and 4) . Infants who were <27 weeks, 27-30 weeks, and those ≥30 weeks had discordant cells (i.e., positive by one definition and negative by the other) of 5/41 (12 %); 10/58 (17 %) and 2/22 (9 %), respectively. Figure 2 shows changes in SCr, % weight change, and fluid adjusted SCr grouped by gestational age. Figure 3 shows changes in SCr, % weight, and fluid adjusted SCr for those individuals who were negative for both AKI definitions, positive for one of them, and positive for both. Demographic differences by AKI status in the four groups are shown in Table 5 . Gestational age was lowest in those with both SCR and FA-SCR positive AKI (p<0.05). Infants that were positive for both SCr and FA-SCr AKI were more likely to have an umbilical artery catheter (UAC). Infants whose mothers had pre-eclampsia were more likely to be AKI negative by both definitions. There were no other statistically significant differences on infant or maternal demographics.
Outcome differences between groups are shown in Table 6 . Those with both SCr(+) and FA-SCr (+) AKI had worse outcomes than all others combined, while those who were AKI positive for either SCr or FA-SCr had similar outcomes to those who were negative for both definitions. Table 7 shows the crude and adjusted odds ratio (OR) for clinical outcomes stratified for those who had SCr AKI only, FA-SCr AKI only, and those who had AKI by both definitions; subjects who were negative by both definitions serve as the reference group. Those with both SCr and FA-SCr AKI had 3.2 higher odds of BPD/mortality (95%CI 1.2-8.7; p<0.05) and 3.1 higher odds of IVH (85 % CI 1.1-8.4; p<0.05) than those without AKI. Controlling for maternal pre-eclampsia, 5-min Apgar, and gestational age decreased the estimate odds ratio, but likely because of sample size, the effect was no longer statistically significant. Because of the small sample size, there were very wide confidence intervals for crude and adjusted OR for those with SCr only, or FA-SCr only.
Biomarker analysis
The incidence of AKI in the 113 infants with urine collected was 29/113 (26 %) and 19/113 (17 %) for SCr and FA-SCr based definition, respectively. Table 8 shows the ability of biomarkers to predict AKI for five biomarkers at four time points. We show the ROC AUC for AKI according to the SCr and the FA-SCr for days 1-4 and day 14, controlled for gestational age. Compared to the performance of these biomarkers using the SCr definition, the performance of the biomarker increased with the FA-SCr AKI definition, particularly for days 4 and 14. Of all biomarkers for all days and definitions, NGAL on day 4 for FA-SCr AKI performed best (AUC adjusted for GA=0.86). 
Discussion
We hypothesized that adjustment of SCr for acute changes in fluid status could have a significant impact on the definition of AKI in premature infants, as many can lose more than 15 % of their weight over the first week of life. Our data suggest that a fluid adjusted SCr AKI definition would lower the incidence of AKI substantially, may be more closely associated with clinical outcomes, and may improve the precision performance of candidate urine biomarkers. To our knowledge, there are no other studies exploring how the fluid changes that occur over the first week of life affect SCr and AKI definition in premature infants. Studies performed in adults by Liu et al. [22] and Thongprayoon et al. [23] , and in children by Basu et al. [21] , showed that a SCr adjustment for acute fluid changes improves the ability to predict clinical outcomes. There are several important differences between their studies and the current study. We used a higher % TBW in our cohort to reflect the TBW in premature infants. Whereas they found a higher incidence of AKI when applying a fluid correction, the incidence of AKI in our cohort was reduced when SCr was adjusted for acute changes in fluid. The likely reason for this is that in our cohort most premature infants lost weight over the first few days of life, whereas subjects in the other studies primarily were gaining weight due to fluid overload during acute critical illness. In those who are acutely gaining fluid weight SCr becomes more diluted, which increases the needed threshold for AKI diagnosis. On the contrary, for those who are losing fluid weight acutely, increases in SCr may give a false impression that the actual renal function was worsening, when in fact it may simply represent a concentration effect seen with acute fluid losses. Table 6 Outcomes by AKI categories (n=122) In premature infants, there are a few reasons why acute changes in fluid balance occur. These include: acute losses via the skin, particularly in open cribs that are not humidified [30] , low provision of fluid; and high output of the urinary tract, gastrointestinal tract, chest tubes, or other sites. SCr changes in premature infants during the first weeks of life are not only due to changes in renal function, which are different according to gestational age, but also to the acute changes in volume status and the influence of maternal serum creatinine. Infant creatinine mirrors maternal creatinine at birth, but when maternal creatinine is excreted, the baby's body must find a new equilibrium. This is analogous to why after a successful kidney transplant, despite excellent urine output and GFR, it may take days to equilibrate SCr to a true estimate of GFR.
To our knowledge, this study is the first to compare the performance of urine biomarkers against the standard SCr definition and FA-SCr definition in any population. It is possible that one of the reasons why urine biomarkers have not performed as successfully as hoped, may have more to do with the gold standard definition with which the biomarkers are being compared to. If the FA-SCr AKI definition indeed is better at predicting clinical outcomes, it would be reasonable that future studies to determine the validity of urine biomarkers use this better Bgold standard^definition to determine biomarker accuracy. Evaluation of biomarker performance in premature infants needs to be evaluated in the context of gender, postnatal day, and gestational age, which can affect urine biomarker levels independently of AKI [31, 32] .
Our data suggest that if one accounts for the concentration/ dilution effects that abrupt fluid changes can produce on SCr values, then the classification of AKI would differ and the true incidence of AKI would be lower than using a conventional SCr approach. If a FA-SCr definition is more closely associated with clinical outcomes and known urine biomarkers of kidney damage, it could have important implications on our understanding of the epidemiology, the care of these babies, and future research endeavors in this and other ICU cohorts who have abrupt changes to fluid status.
Strengths of the study include a relatively large homogenous cohort of premature infants with a high number of SCr measurements during protocol-driven sample collections. We show not only how fluid adjustment affects clinical outcomes but also how misclassifying AKI could have an important impact on clinical outcomes and biomarker performance. Despite these strengths, we acknowledge several limitations. This was a single center study, and our findings need to be replicated in larger multicenter cohorts. Although it appears that those who only had AKI by SCr definition (but were FASCr negative) had demographical, outcome, and biomarker characteristics more closely related to those without AKI by either definition, we do not have adequate power to provide definitive conclusions. Future studies with larger cohorts will be needed to validate these relationships. Although this study had many SCr and urine biomarkers measurements, we did not have daily SCr on every infant for the duration of the evaluations. The TBW estimate that we used assumes similarities across all infants and across days. It is possible that further refinement (according to gestational age and day of life) may be needed. Although we show how adjustment in weight affects all gestational age groups, we acknowledge that different gestational age groups may require different AKI definitions. Finally, we acknowledge that the impact of urine output on the definition of AKI cannot be determined from this study because most of the babies did not have strict intake and output performed as part of clinical care.
In conclusion, acute fluid changes during the first week of life affect SCr levels, thereby questioning how we define AKI. Incorporation of acute change in fluid status to SCr values may define which infants have a rise in SCr simply as a reflection of changes in fluid weight, and which infants have true renal functional changes. Large multi-center studies will be needed to further corroborate our novel findings in this and other cohorts. Adjustment for severity of illness scoring will enhance our ability to make proper inferences. A better understanding of how the abrupt changes in fluid status impacts SCr values could have an important influence on the interpretation of epidemiologic /biomarkers/ interventions studies in AKI. In addition, these data suggest that the response to changes in SCr must be examined in the context of changes in fluid balance, as it will help clinicians better distinguish the etiology of changes in SCr and assist in making clinical decisions regarding fluid provision.
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